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GEOTHERMAL POTENTIAL ON KIRTLAND AIR FORCE BASE LANDS,
BERNALILLO COUNTY, NEW MEXICO*

SAND81-7141

P. R. (Bob) Grant, Jr.
Consulting Geclogist
Albuquerque, New Mexico 87112

Abstract

Public policy expressed in a number of national directives in
recent years stresses the conservation of conventional fuel supplies, a
switch to alternate fuels, and the application of advanced enerqgy tech-
nologies at federal installations._ -Natural gas currently furnishes 85
to 95 percent of the average 94 x 10° Btu/hr energy reguirements for
space heating and cooling at Kirtland Air Force Base. Studies of alter-
natives to the use of natural gas at the base include examination of the

aeothermal option,

Four of North America's major physiographic provinces coalesce 1in
central New Mexico on or near Kirtland AFB. Their junction is identi-
ficd throughout much of this region by a tectonic depression occupied
by the Rio Grande that is structurally complex, stratigraphically and
hydrologically unique, and coincides with geologically recent volcanic
centers. This trough, the Rio Grande rift, has been identified as a
major Jeothermal resource area. The western part of Kirtland AFB is in
the Albuguerque Basin segment of the Rio Grande rift.

Virtually all of the principal tectonic events that formed the east
side of the Rio Grande rift, the Albuquerque Basin, and the adjoining
Sandia, Manzanita, and Manzano mountain ranges occurred on and have pro-
focundly affected Kirtland AFB lands. Large deposits of travertine were
located at the junction of two major fault systems on the base. These
support a premise that a preexisting hydrologic system coursed meteoric
water through the thick, relatively unconsolidated valley fill sediments
of the Rio Grande rift's late Tertiary Santa Fe formation where it was
subjected to substantially warmer temperatures at depth and then rose to
the surface by convection currents along the master faults.

Extensive sampling and geochemical analysis of groundwater in and
near the base disclosed no significant geothermal parameters. However,
structural conditions and current hydrologic regimes strongly suggest
that thermal waters would be masked by near surface, low temperature
meteoric water originating as rain and snowfall in the nearby mountains.

Controlled source audio-magnetotelluric (CSAMT) electromagnetic
techniqgues, refraction seismic experiments, and gravity traverses were
utilized on the base. These, together with published geophysical

under Consultant Agreement No. 62-9994.
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information that presents evidence for a shallow magma body beneath the
Albuquerque Basin; favorable terrestrial heat flow, water chemistry, and
shallow temperature gradient holes on the nearby mesa west of the Rio
Grande; interpretation of regional gravity data; and geological data
from nearby deep wells tend to confirm structural, stratigraphic, and
hydrologic conditions favorable for developing an extensive intermediate
to hijh-temperature hydrothermal regime on portions of Kirtland AFB
lands where intensive land use occurs.

Two possible exploration and development scenarios are presented.
One involves drilling a well to a depth of 3,000 to 5,000 ft (914 to
1,524 m) to test the possibility of encountering higher than normal
water temperatures on the basinward side of the faults underlying the
travertine deposits. The other is to conduct limited reflection seismo-
graph surveys in defined areas on the base to determine the depth to
basement (granite) and thickness of the overlying, unconfined, water
filled, relatively unconsolidated sand and gravel aquifer. Existing
data indicates that wells drilled into this aquifer would supply water
with temperatures ranging from 260°F to 460°F (127°C to 238°C) at depths
of 10,000 to 20,000 ft (3,281 to 6,562 m). Certain assumptions suggest

that a geothermal energy system for Kirtland AFB costing up to $10,000,000

would be cost competitive with other alternative systems such as coal.
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GEOTHERMAL POTENTIAL ON KIRTLAND AIR FORCE BASE LANDS,
BERNALILLO COUNTY, NEW MEXICO

INTRODUCTION

Public policy expressed in a number of national directives in
recent years emphasizes the conservation of conventional fuel supplies,
a switch to alternate fuels, and the application of advanced energy
technologies at federal installations. The U.S. Air Force has adopted
a goal of providing one percent of installation energy from advanced
energy technologies that include solar, geothermal, and wind systems by
1985. In the year 2000 the Air Force's objective is to furnish 20
percent of its installation energy requirements from these sources.
“ieeting these goals requires substantial activity in examining a variety
of non-traditional energy technologies to select those suitable for
specific sites.

Kirtland Air Force Base occupies approximately 51,000 acres
{126,021 hectares) of contiguous lands south and east of Albuquerque.
It includes joint-use of Albuquerque's International Airport; substantial
office, housing, and hangar space used by the military; and a large
technical complex housing the operations of Sandia National Laboratories
(SNL), a U.S. Department of Energy (DOE) contractor. Only about 8 per-
cent of the total land area, the north central part of the base adjacent
to Albuquerque's city limits, has high intensity use. The rest is dedi-
cated to specialized civilian and military research, development, and
demcnstration projects at sites on the base that are somewhat remote
from the service and operations facilities.

The western half of the installation's total land area is a rela-
tively flat and featureless mesa rising gradually from the Rio Grande,
New Mexico's largest water artery, that flows north to south through a
broad valley located some 4 to 5 mi (6.4 to 8.1 km) west of Kirtland's
western boundary. Elevations in this part are between 5,300 ft (1,615 m)
at the western border and 5,900 ft (1,800 m) adjacent to the west slope
of the Manzanita Mountains. This mountain range, sandwiched between the
Sandia Mountains to the north and the Manzano Mountains south of the
base, comprises the eastern 40 percent of the land area under the juris-
diction of the Air Force. The mountainous terrain consists of rela-
tively flat and open valleys at elevations of 6,000 to 6,400 ft (1,829
to 1,950 m) ranging to peaks that do not exceed 8,000 ft (2,438 m) in
elevation,.

The Albugquerque city limits bound the base to the north and north-
west, Cibola National Forest and the Sandia Mountains are northeast and
east, Isleta Indian Pueblo lands are adjacent to the south, and unoccu-
pied State of New Mexico trust lands are immediately west. Entrance to
Kirtland AFB and certain areas within it is restricted to authorized
personnel and those on official business. The location of Kirtland AFB
and its relationship to cultural, topographic, and geologic features
is shown on Figure 1 and Plate 1.

o
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OBJECTIVES

Energy requirements for space heating and cooling by all entiticn
on Kirtland AFB range from a minimum load of 60,000 lb/hr of stcar tc
maximum of 260,000 lb/hr, averaging 85,000 1lb/hr. Required to meet tii:o
load are 66 x 10% BTU/hr to 221 x 10°* Btu/hr, with an averace demand of
94 x 10" BTU/hr. Kirtland's energy inputs to operate their bolicrs ars
85 to 95 percent natural gas, with No. 2 fuel oil being consumcd whi
gas supplies are curtailed (E. R. Hoover, this report, Appendix B).

Most of the equipment utilizing steam can operate satisfactorily with
steam temperatures below 340°F (171°C), but temperatures lower than this
would require extensive modification of the existing distrihution =i stor,
which would be a costly undertaking.

Studies by DOE suggest that Kirtland's energy requircements carn hLe
met and the Air Force's objectives to obtain enerqgy from non-petroleur
sources can be realized by switching from natural gas to coal-fired
boilers. Current plans include replacing existing steam beillers on e
base during the 1985~1990 period {personal communications, DOE,
Albuguerque Operations Office; Plant Engineering, SNL).

A large number of recent geological, geophysical, and economic/
commercialization studies and reports describe the potential for utilizins
g:othermal resources in the Rio Grande Valley of New Mexico (seec refercncas:.
Tnese are primarily low to intermediate temperature (90°F/32°C to 302°F/
150°C) hydrothermal systems identified or presumed to exist in the thick,
relatively unconsolidated, geologically recent sand and gravel depcsits
that comprise the major groundwater aquifer throughout the length of the
Rio Grande. These hot water resources could be utilized to meet a sub-
stantial part of the region's space heating requirements.

At a meeting in Albuguergque February 5, 1980, sponsored by Sandia's
Geo Energy Technology Department II, 32 investigators and geothermal
specialists discussed the status of regional geothermal studies and
exploration programs. Subsequently, in the summer of 1980, the investi-
gation that this report summarizes was implemented to assess the poten-
tial for utilizing geothermal resources that may exist on Kirtland AFB
lands as a substitute for or supplement to the use of natural gas or
coal as a primary enerqgy input.

PROCEDURES

The summer of 1980 was spent acquiring and reviewing geological,
geophysical, and hydrological data and conducting reconnaissance
geological surveys. The result of much of this activity is containcd
in a report by Riddle and Grant (1981).

During the fall of 1980 refinement of the geoclogy was commenced
and additional surface geologic examinations were undertaken; assess-
ment of existing literature was expanded; arrangements for coordinatina
a scheduled NMERI (CERF) explosionh with a geophysical experiment to
obtain subsurface information were made; and analysis of accumulated
data was begun. Additional data useful in interpreting subsurfacce
geologic conditions was obtained in February and March, 1981, throuah .
gravity survey conducted on the base. The results of this activity and
conclusions and recommendations derived from it are presented in this
report.
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Figure 1. Location map showing relationship of Kirtland Air Force Base
to geologic and geographic features of the Rio Grande Rift.
Source: Chapin, 1971.
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REGIONAL GEOLOGIC SETTING

The Albuqguerque-Kirtland AFB area of central New Mexico is at the
junction of four of the North American Continent's major physiographic
provinces. To the west is the broad tableland of the Colorado Plateau,
an uplifted region of deeply incised streams, canyons, and major vol-
canic centers superimposed upon a relatively underformed and stable
wlatform. Southwest is the tectonically active and structurally deformed
Basin and Range Province, characterized by severe crustal disturbances
that formed numerous parallel faulted mountain ranges and valleys.
Immediately east, southeast, and northeast is the southernmost extension
of the Continent's major structural uplift, the Rocky Mountains.
Immediately east of these i1s the flat-lying, gradually eastward sloping,
generally stable mid-continent region of the Great Plains. These
relationships are shown on Figure 1.

PREVIOUS WORK

Although located near the University of New Mexico that has a large
Department of Geology granting academic degrees through the Ph.D. level,
the geology of Kirtland AFB lands has not been comprehensively examined.
This may be more a function of restrictions to access to these lands
than any intent to disregard their scientific evaluation. Much of the
base was withdrawn from public access during World War II, limiting the
opportunity for more than cursory and somewhat superficial surveys.

One of the earliest references to the geology of the Albuquerque
area is by C. L. Herrick (1898), then President of the University of New
Mexico. His interpretation of structural and tectonic elements in the
Rio Grande valley is interesting in view of later events and renewed
interest in the "Rio Grande rift" by earth scientists in the past 10
or so years: "The mountains (Sandias) are part of a great monocline
which extends along the left bank of the Rio Grande to the south. This
monocline passes into an anticline by degrees, as the Ladrones, Limitar
(sic) Mt. and Socorro range contain the same formations dipping to the
west on the right bank. The Rio Grande may be said to occupy the axis
of an anticline or, better still, an axis of disturbance which in
various parts has resulted in different geologic structures according
to the circumstances." The numerous and diverse explanations proposed by
recent investigators for the development of the rift include elements
of Herrick's Rio Grande anticline.

The Sandia fault on Albuqguerque's east mesa, marking the west flank
of the mountains, is described by Herrick and Johnson (1900) as having
"cut off part of the Permc-carboniferous and superijacent strata and
dropped them in various positions 4,000 feet or more..." These authors
also wrote that the great expanse of lowlands occupied by the Rio Grande
and the Rio Puerco to the west of Albuquerque was "a depressed area
that may have formed a Tertiary sea or estuary occupying the entire width
from the foot of the Sandia Mountains to the west bank of the Rio Puerco."

Bryan (1938) first identified and aescribed the "Rio Grande depres-
sion” and its discrete, linked basins as structural elements.

Reiche (1949) has conducted the most definitive geological explora-
tion of the Kirtland AFB region. Although primarily concerned with the
structure, stratigraphy, and Precambrian geology of the Manzanita and
Manzano Mountains, his limited descriptions of the structural and
stratigraphic elements of the mesa comprising much of the base's land
area are the most extensive in the literature.

* N <o el h




Beginning in the early 1950's and continuing through the present,
numerous investigators have focused a great deal of attention on des-
cribing and interpreting the Rio Grande rift. Kelley (1952) was one of
the first to describe the great Rio Grande depression as a rift belt ,
witn sufficient geologic status to be considered as an independent
element of Rocky Mountain tectonism. Kelley and Northrop (1975), and
Kelley (1977) have produced major definitive geologic treatises on the
Sandia Mountains and the Albuquerque Basin. However, these and other
major geological and geophysical publications on the rift relate to
Kirtland AFB lands in a regional and incidental sense only.

Detailed geologic maps of the eastern part of Kirtland AFB by
Myers and McKay (1970 and 1976) have been published by the United
States Geological Survey (USGS). There are no published detailed
geologic maps of the western part of the base. Regional geologic maps
of the Albuquerque-Socorro area at a scale of 1:250,000 are available as
open file reports of the USGS (Wyant and Olson, 1978; Machette, 1978).

m—y— m

STRATIGRAPHY ,

Rocks ranging in age from Precambrian granites more than one and a
half billion years old through recent wind blown sands being deposited
now are present on Kirtland AFB. Table 1, Geologic Formations in the
) Albuquerque-Kirtland AFB Area, describes these rock units, their rela-
i tive ages, and their thicknesses. Plate 1, Reconnaissance geological
' map of Kirtland Air Force Base and vicinity, Bernalillo and Valencia
Counties, New Mexico, shows the distribution of these rock units where
they are exposed on the surface.

STRUCTURE

Regional Geologic History

The development of the present landforms in north-central New
Mexico is part of an unending process that began hundreds of millions of
years ago. The record of mountains and uplifts that precedes the ones
we see today as well as the processes that deposited the varied types of
rocks throughout the region is established by observation and investiga-
tion.

. Analysis of the earth's history by interpreting the sequence of
geologic events and the timing of significant episodes, together with
the use of data obtained from deep wells and application of geophysical
techniques, is crucial in order to arrive at conclusions that may be
economically important in geothermal and other resource investigations.

Because Precambrian rocks are exposed only in the major nearby
uplifts in the Sandia and Manzano Mountains, little is known about
structural conditions when they were formed.

The record becomes better established during Paleozoic time. No
rocks older than Mississippian are preserved in the region, indicating
that this part of the state was above sea level during periods when older
rocks, present in southern New Mexico, were being deposited. 1If marine
(ocean) conditions did exist in north central New Mexico during Cambrian,
Ordovician, Silurian or Devonian time, the record of their rock deposits
was removed by erosion before the thin marine shelf units of

1
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Table 1. Geologic Formations in the Albuquerque-Kirtland AF8 Area '
(Adapted from Kelley, 1974)
— . s
; Age
W System Series (M.Y.)= Formations Thickness
Gravel, sand, mud in lowlands, 5-100
Holocene arroyos, low terraces, and
Quaternary alluvial fans
@) Pleistocene 1.5-2 Gravel, sand, caliche; lava 10-50
= Miocene- f lows
g Pliocene 7-20 Santa Fe Formatioar:  sand, clay 0-21,000+
Z Tertiary and gravel
8 Eocene 53-54 halisteo Formatriom: red and 1,000%
buff sandstone and mudstone
Mesaverde Formaticon: shale, sand-
Upper 100 stone, and coal 1,500
Cretaceous Mancos Shale: shale with thin
limestone and sandstone beds 1,500
Lower 136 Dakota Formation: sandstone, con-
glomerate, shale 5-100
Morrison Formation: variegated
mudstone and sandstone 400-~800
= Surmerville Formation: red and
& Jurassic Upper 154 buff mudstone and sandstcne 200
8 Todilte Formation: gypsum and
w limestone 100-200
= Entrada Sandsto»ne: red and buff
sandstone 150-200
“hinie Formation: red and tan '
Triassic Upper 200 mudstone and claystone 1500
Santa Rosa Formation: sandstone
and conglomerate 200~ 400
Upper 235 Bernal Formation: sandstone, silt-
stone, and limestone 100
San Andr.s Formation: limestone 30-100
Middle 250 Glorieta Sandstone 50-100
Permian Yeso Formation: red and tan sand-
O stone, limestone, and gypsum 600-800
P Lower 280 Ab Frpmation: red sandstone and
S muds tone 600-900
w
= 300 Madera Formation: limestone,
Q@ Pennsylvanian shale, and sandstone 1,000+
Sandia Formation: sandstone,
shale, and limestone 100-200
Mississippian 340 Arrvoyce Penases Forpmet Lo 0-100
Precambrian 580- Sandia trani’, gneiss, quartzite,
2,500+ greenstone, and schist
“M.Y, = millions of years from the beginning of the system or series.
12
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Mississippian age were deposited over most of the area. It is probable
that the region was a broad, gently southwest sloping positive (above
sea level) land mass during earliest Paleozoic time.

In late Pennsylvanian and early Permian time a series of large,
extensive basins and mountain uplifts of regional extent were formed in
northern New Mexico and Colorado. Geologists refer to these structures
as the Ancestral Rockies because, in many places, they correspond to our
present mountain uplifts. This period of major orogeny (mountain build-
ing) may have established structural zones and elements that have become
the focus for subsequent tectonic (deformation of the earth's crust)
events. The uplifts and basins that were created at “his time covered
a large part of northern New Mexico and generally established landforms
that trended north-northwest into Colorado and Utah.

Marine conditions evidenced by the thick accumulations of
Pennsylvanian (Madera) limestones were superseded by a flood of clastic
material being eroded from major highlands during early Permian. The
continental Abo Formation was deposited on the surface of limestones
left by the retreating Pennsylvanian sea, while the Yeso, Glorieta,

San Andres, and Bernal Formations were deposited successively on the Abo
floodplain in arid back-reef seaways, restricted lagoons or marginal
shorelines. The Abo beds are fluvial (distributed by river systems)
subaerial (land) deposits whereas the later formations are evaporitic,

marine, and in part littoral (near-shoreline) and eolian (wind blown) in
origin.

By late Permian time the region had become a relatively stable,
robably unimpressive positive area of low relief shedding few sediments
to be preserved in the record.

warm, wet and humid conditions again returned to the area in late
Triassic time, as well as renewed uplift to the north to establish major
streams and floodplains. Muds (shale), sands and gravel (conglomerate)
were accumulated in great thicknesses over much of the area, repre-
sented by the Chinle Formation.

The record was once again interrupted in early and middle Jurassic
t1me by cessation of deposition due to very stable continental condi-
tions. The next environment the rocks suggest must have been an extremely
inhospitable one; very dry and windy, possibly somewhat like the Sahara
Desert today. The Entrada Sandstone represents these conditions with
<lean, wind blown dune sands preserved in the section. Conditions
changed with invasion of a widespread lake entering the region from the
west to dominate central New Mexico for a geologically brief period.
when arid conditions returned, the lake dried up leaving accumulations
of white gypsum and limestone that are preserved in the Todilto Formation.

A slow, persistent subsidence began in Morrison time in which muds,
sands and gravels were spread in extensive floodplains by rivers, lake
currents, and winds originating in south-central Colorado intc a broad,
shallow depression. This environment was conducive to establishment of a
flourishing ecology of land animals (the dinosaurs that became estab-
lished during Triassic time) and plants that was one of the greatest
periods of faunal development in the earth's history.

After a prolonged period of relative stability, the entire western
part of the United States began subsiding and a major invasion of
Cretaceous seas that moved west and southwest across the pre-existing
Jurassic landscape begin. The initial deposit was a sheet-like marine
beach or near-shore sandstone, the Dakota Formation, which was buried
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and preserved beneath thick accumulations of the black, marine Mancos
Formation shales. Uplifts in southwestern New Mexico in late Cretacceous
time "pushed" the Cretaceous ocean back to the northeast. Swamp condi-
tions that developed behind the shoreline are responsible for the accu-
mulation of large amounts of carbonaceous material in the Menefee portion
of the Mesa Verde Formation, which contains most of New Mexico's vast
coal reserves.

Near the end of Cretaceous time and continuing into late Eocene a
major tectonic event, the Laramide orogeny, produced the first genera-
tion of present day Rocky Mountains and their adjoining basins. Uplift
of the southern Sangre de Cristo and Sandia Mountains probably occurred
during this period, stripping away the Cretaceous rocks that had heen
deposited over them. The Nacimiento Mountains on the east side of the
San Juan Basin began to develop through high angle reverse faulting
along their western flank during very late Cretaceous and were rejuve-
nated again 1in early Eocene. By the end of Eocene, most of these moun-
tain ranges had been eroded back down to the level of surrounding plains.
The topographic relief of the entire region was low and a shallow
structural basin was formed that extended from northwest of present davy
Espanola south to the vicinity of Cerrillos and Galisteo und southwest
to near San Ysidro that filled with sediments of the Galisteo Formation.

In Oligocene and Miocene time large scale volcanism began in the
vicinity of the Ortiz and San Pedro Mountains near Cerrillos and some
minor activity commenced where the present Jemez Mountains are. Rocks
previously deposited were tilted up at an angle to be overlain by later
sediments in many areas where present mountain ranges began to be com-
pressed upward again.

About 20 million years ago, during the Miocene, basins began to form
in which sediments of the Tesugque Formation and the Santa Fe Group were
deposited. This basin was larger, broader and more shallow than the
present 1ntermontane basins between the Lucero Uplift and the Nacimientos
on the west and the Manzanos, Sandias, and Sangre de Cristos on the east.

The present structural basins of the large Rio Grande depression in
north central New Mexico began to form in late Miocene-early Pliocene,
about 5 to 10 million years ago. Major faults or fault zones bound the
basins next to the mountain uplifts. Ultimately, these breaks in the
earth's crust moved the same rock horizons up or down relative to each
other more than 30,000 ft (9,144 m) between rocks buried beneath the
Rio Grande at Albuquerque and those exposed on the top of the Sandia
Mountains.

Throughout its most recent development the terrain in the Albuaucr :ue

recion was probably similer to what we see now, except the relief was
not as great in the mountain areas. Broad valley floors, alluvial fans,
pediment surfaces, terraces, rivers, lakes, fault scarps, and active
volcanoes were part of the scenery. Many of these features were buricd
beneath new waves of sediments to add to the complexity of determinina
the region's history.

Subsurface Relationships

Geologic information about the rocks below the present land surface
is sparse in this region. Where they are not exposed, infcrences are
made as to the kinds of rocks, their occurrence, composition, attitude,
relation to other rocks, thickness, and depth from the surface on the
hbasis of nearby outcrops, surface observations, well cuttings and
mechanical logs, and geophysical information.
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Shell Oil Company initiated an exploration drill.ing program for
hydrocarbons in the Albuquerque Basin in 1972. Of approximately 12
deep tests drilled in the Albuquerque Basin within about 30 mi (48 km)
of Kirtland AFB, Shell has been responsible for 7 wells ranging in depth
from 10,276 to 21,266 ft (3,132 to 6,482 km). The location of several
of the nearest wells is shown on Plate 1 and Figure 7.

Regional geophysical data incorporating gravity mapping and
interpretation has been published by the USGS and others. Of parti-
cular interest is a Complete Bouger Gravity Anomaly Map of the Rio
Grande Rift by Cordell and others (1978), and a Residual Bouger Gravity
Anomaly Map of New Mexico by Aiken and others (1978). Cordell (1978a,
1978b, 1979) and Birch (1980) have made substantial contributions to the
interpretation of structural conditions within the Albuquerque Basin as
well as its sedimentary history.

Earthquakes

Earthquakes are the shock waves felt on the land's surface as a
result of movement produced by the sudden displacement of rocks on or
below the earth's surface. They are constant, ongoing features of the
developmental processes of the earth.

Because of the large number of faults in the tectonically active
Rio Grande region, many of them formed geologically recently in con-
nection with development of the basins of the Rio Grande and volcanism
in the Jemez Mountains, the area has been considered a relatively high
seismic (earthquake) risk area.

Detailed instrumental measurements of earthquake activity began in
New Mexico in 1960. Information about previous earthquakes comes
mainly from historical records. Northrop (1976) has studied New Mexico's
earthquakes for some time and his conclusions are of interest. Histori-
cal records show that New Mexico has had at least 1,111 earthquakes in
the 127-year period 1849-1976. Seventy~-six percent of these occurred
in the 75 mile segment between Socorro and Albuquerque. Statistically,
an ea..jvake can be expected every 3 years in the Socorro-Albuquergue
area. One o] sufficient intensity to do considerable damage should be
expected onci every 100 years. The latest New Mexico earthquakes of
this magnit:ude occurred at Socorro in 1906, Cerrillos in 1918, Silver
City in 1936, and Dulce in 1966.

As a result of concern about seismic risk, Los Alamos National
Laboratory (LANL) established a network of seismic stations in north
central New Mexico in 1972. Preliminary data {(Newton and others, 1976)
on contemporary tectonic activity hear the Valles Caldera and the Rio
Grande rift shows concentrations of minor earthquakes 1) along the
Nacimiento Uplift and its northward extension to Dulce; 2) near Abiquiu,
north of Los Alamos and Espanola; 3) beneath the western part of the
Taos plateau; and 4) within the Rio Puerco fault zone between

Albuquerque and Grants. Almost no earthquakes are originating beneath the

Valles Caldera of the Jemez Mountains (site of LANL's Hot Dry Rock
geothermal program and the joint venture of Union Geothermal Company,
Public Service Company of New Mexico, and DOE to develop the country's
first commercial hot water electrical generating system), suggesting the
presence of a hot, shallow, not necessarily molten body where strain
relief occurs by creep rather than by brittle fracture. The instrumental
and historical seismicity and earthquake evidence from fault displace-
ments consistently show the overall region to have moderate activity.
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Volcanism

New Mexico is the center of a significant amount of volcanic i
activity, some of which occurred as recently as 1,000 years ago when the '
Carrizozo lava flow issued from a vent northwest of the community.

The malpais east and south of Grants is dated about 700 A.D. Capulin oy
peak, in northeastern New Mexico is less than 8,000 years old. Lava

west of Los Lunas and Isleta spilled out about 140,000 years agc and the

volcanoes on Albuquerque's west mesa were erupting less than 200,000

years ago (Luedke and Smith, 1978),.

The Jemez Mountain volcanic pile has been developing over the past
10.5 million years. Radiometric age dating methods suggest that the
last eruption in the Valles Caldera happened about 42,000 years ago
(Bailey and Smith, 1978). Smith, Bailey and Russell (1978) indicate
that repose (inactive) periods for this volcano longer than a few
hundred thousand years are doubtful and, in the light of the total
record, the Jemez field has high potential for future eruptions.

THE RIO GRANDE RIFT

The Rio Grande from its headwaters in the western San Luis Valley
of south central Colorado to the vicinity of El Paso flows through a
great depression that, in general, it did not erode. 1In its course the
river flows through a series of en-echelon troughs or grabens that have
subsided between mountain uplifts. It is believed by a large number of
investigators that the earth's crust has pulled part in this region and
the Rio Grande has occupied itself for millions of years with filling
these foundered elements with the clays, sands, and gravels (valley
fill) eroded from adjacent uplifts, together with much of the water the
river used to transport this huge sediment load (Kelley, 1974).

Other concepts have been proposed for the formation of the Rift that
involve assumptions of continental drift, compression through plate
collision, and collapse of a regional arch. Baltz (1978) effectively
summarizes divergent viewpoints for the origin of the Rio Grande rift:

"Interpretations of the origin of the Rio Grande rift
seem to depend partly on one's view of what constitutes the
rift. If the rift is viewed as relatively discrete (that
is, viewed as comprising the basins of the Rio Grande
depression), one might believe that its position and origin
were predestined because of an ancient deep crustal disconti-
nuity, a crustal spreading center, or an evolutionary conse-
quence of a subduction zone. BAll of these ideas have been
postulated recently.

"On the other hand, one might envision the rift as a
regionally broad and pervasive 'system' of Neogene faults,
such as the Rio Grande rift system of Tweto (1977) in
Colorado and the rift in southern New Mexico as portrayed
by Chapin and Seager (1975), and Woodward and others (1975).
In this case, one might interpret the rift as the eastern
vagaries of slight intraplate shifting, or stretching
because of vertical crustal movements, and of shattering of
large areas during regionally varying amounts of the
Neogene epeirogenic uplift of a large region of the south-
western United States. Such an impression is heightened
because basalts of late Miocene, Pliocene, and Pleistocene
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ages were erupted not only in the Rio Grande depression,
but also in the Colorado Plateau and Great Plains outside
the area considered to be the Rio Grande rift."

The "last" words produced on the subject of the tectonic events
that formed the Rio Grande rift are by Chapin (1979). He theorizes
that the total extension or spreading in the rift must be on the order
of 100-150% to accommodate the volumes of basaltic magma injected into
the crust to support heat flow anomalies and "to explain the residual
positive gravity anomaly along the rift axis." He also suggests that
rifting is continuing today "as evidenced by abundant fault scarps
cutting Pleistocene deposits, high heat flow, modern elevation changes,
modern magma bodies, and geophysical evidence for anomalous crust and
upper mantle beneath the rift." Note that these constructions include
substantial elements of geothermal systems.

ALBUQUERQUE BASIN

The Albuquerque Basin is a large, complex tectonic element of about
4,300 sq mi that extends from near the junction of the Rio Salado close
to San Acacia on the south, to the La Bajada escarpment and White Rock
gorge of the Rio Grande on the north. Generally, the northern part of
the basin is presumed to be an east-tilted fault block that is distorted
by faulting and compression. The western margin of the basin is the Rio
Puerco fault zone. Slack and Campbell (1976) indicate that this region
is broken by en-echelon faulting downthrown both east and west. Indi-
vidual faults may have displacements of about 3,200 ft (1 km). The
eastern boundary of the basin appears to be marked by large faults near
the base of the Sandia Mountains to the north and a fault or faults
west of a bedrock bench extending 4 to 6 mi (6.5 to 10 km) west of the
Manzano and Los Pinos Mountains to the south. The basin is about 102 mi
(164 km) long and 25 to 40 mi (40 to 65 km) wide. The ends of the basin
are open through narrow bedrock constrictions to the San Marcial (Socorro)
Basin to the south and the Espanocla Basin tc the north. According to
Baltz (1978), the northern boundary of the Albuquerque Basin is concealed
by the Jemez Mountains volcanic pile. Figure 2 shows the Albuquerque
Basin and its relationship to other major tectonic features in central
New Mexico.

Indicative of the basin's structural complexity, the Shell 0il
Company No. 2 Isleta exploratory well, drilled in section 16, T 8 N,
R 2 E, was completed in 1980 at a depth of 21,266 ft (6,482 m) in what
was reported to be valley fill. $ix miles east in section 8, T 8 N,
R 3 E, the Trans Ocean No. 1 Isleta penetrated 5,250 ft (1,600 m) of
valley fill before encountering Cretaceous rocks. At 10,324 ft (3,147 m)
Precambrian was encountered in the Trans Ocean well. Assuming that the
Shell well bottomed close to the top of the Cretaceous, adding 5,000 ft
(1,524 m) of sedimentary rocks overlying the Precambrian to its 21,266 ft
(6,482 m) depth would suggest that the Precambrian would be encountered
at not less than 26,266 ft (8,006 m), or 21,135 ft (6,442 m) below sea
level (surface elevation of 5,131 ft/1,564 m less drilling depth to
Precambrian). The similar datum at the Trans Ocean well was 5,114 ft
(1,557 m) below sea level, indicating a minimum of 16,021 ft (4,883 m)
displacement of subsurface relief between the top of the Precambrian in
the two wells. Further, the same relationship between similar horizons
is found at an elevation of more thar 10,000 ft (3,048 m) above sea
level at the top of the Sandia Mountains. The stratiaraphic displace-
ment is at least 31,135 ft (9,490 m) or almost 6 mi (9.7 km) between the
Shell well and the highest point of the Sandias.
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Kelley (1977) offers an excellent summary of the geology of the

eastern part of the Albuquerque Basin, including Kirtland AFB lands:

"Perhaps the most important concept developed in this
study has been the postulating of structural benches and
steps within the basin. Most important of these is the
Joyita-Hubbell bench. Downthrow on its west side faults
could be as great or greater than downthrow of the bench
with reference to the prominent uplifts to the east. In
other words the bench edge zone could be the principal
eastern structural boundary of the Rio Grande trough from
well into the Socorro constriction on the south to the
Tijeras fault and the Sandia uplift on the north. This
may be especially true when it is realized that 65-70 per~
cent of the western relief of the Manzano uplift is not
trough relief but rather is relic from the Laramide and
that the structural relief of the Manzanita Plateau above
the Hubbell part of the bench is hardly 1,000 feet. The
Hubbell Springs fault scarp of possible early Holocene is
the principal means by which the fault is identified. 1If
it were not for the late movement, the existence of the old
fault would be unknown. Furthermore, there may be parallel
buried faults west of the Hubbell Springs scarp forming
into an axial trough. Based on only the scarp, throw on the
fault would be no more than 150 feet. 1If this is the total
displacement on the fault, then the Triassic and Permian
exposed in the scarp would be no more than 50 feet or so
beneath the surface on the downthrown side. This possibi-
lity needs to be determined by drilling or by some other
way. More likely, however, is that the Hubbell Springs
scarp displacement is merely renewed late movement on an
older fault of great displacements. The marked gravity
inflection which parallels the fault is strong support
for a growth fault. 1If one grants the growth fault
character of the Hubbell Springs fault and its possible
magnitude, then the next guestion is whether it pre-dates
or post-dates the frontal faults of the uplift. Absence
of Santa Fe beds in thicknesses of more than a few tens of
feet is perhaps the best evidence that the Manzano-Los
Pinos faults are younger and that only the Laramide
Mountains existed when the Hubbell Springs and Joyita
fault began to drop the central part of the Rio Grande
trough. If the major displacement of the Hubbell Springs
fau'lt were later than the back bench or uplift frontal
faul-s, it should have more physiographic expression than
it does, and the Triassic and Permian rocks, which sur-
face the fault now, might have been more likely stripped
prior to a later dropping of the bench.

"Although the Los Pinos to Sandia line of uplift
bordering the basin has a degree of geomorphic oneness,
there is considerable difference in structure and
possibly origin, especially north and south of the
Tijeras fault and fold zone. South of the fault the
Manzanita to Los Pinos section is tilted very little
whereas to the north the Sandia section is markedly
tilted. Furthermore, the Sandia front stands 2-6 miles
westward of the straight Manzano-Manzanita front.
Sandia uplift has no known structural bench, yet its
frontal fault is roughly on line and perhaps to a degree
continuous with the Hubbell Springs fault. Sandia
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uplift may not have experienced its principal uplift until
late Santa Fe time as explained by Kelley and Northrop (12375).
The Sandia block may have been a bench in the beginning

from the point of view of basin tectonics. At such time the
back of the bench may have been defined by a fault zone that
extended from the Tijeras to La Bajada faults. The Sandia
with tts great structural relief and youthful escarpments
may have had early structural continuity in both space and
time with the postulated early Hubbell Springs fault and
again later in time with the Manzano-Los Pinos faulting.

The youthfulness of the Sandia is well illustrated by fan,
terrace, and pediment scarps and by its fresh triangular
fault-scarp facets. Perhaps also related to the late rise
of the Sandia block is the expansive eastward inclination

of the Santa Fe formations across the basin which coincides
in latitude with the Sandia block.

"In summary, the east side of the trough originated
by repeated downthrow often on the same principal faults.
Apparently the trough was narrower in the beginning. Most
of the outer faults marking the prominent uplift came
later and widened the basin. An exception may be the
Sandia fault, which might have been a bench fault early
and an uplift fault later."

KIRTLAND AIR FORCE BASE

Physiographic Provinces

Virtually all of the principal tectonic events that formed the east
side of the Rio Grande rift, the Albuquerque Basin, and the adjoining
mountain ranges occurred on and have profoundly affected Kirtland AFB
lands. At least two major faults, the Tijeras fault with movement
commencing in the Precambrian and continuing through the present, and
the Hubbell Springs fault, believed to be the geologically recent
fracture that marks the east side of the rift, intersect on the base.
Two other faults or fault systems, the Manzano fault that raised the
Manzanita and Manzano Mountains 1,300 ft to 3,000 ft (396 m to 914 m)
above the Hubbell bench, and the Sandia fault that may be a northward
extension of the Hubbell Springs fault and is presumed to have been the
point where the massive, east-tilted Sandia Mountains broke away from
rocks underlying the Rio Grande rift, complete the gross tectonic
setting.

These faults are the geologic basis for subdividing the base into
four distinct physiographic provinces. The wedge-shaped triangle formed
by the southwestward projecting Four Hills T'recambrian granite outcrops,
terminating at the travertine outcrops in the south half of section 28
and north half of section 33, T 9 N, R 4 E, is the southernmost exten-
sion of the Sandia Mountains. East of the Manzano fault on the base
are the Manzanita Mountains, a relatively undeformed uplift exposina
Precambrian rocks capped by flat-lying Pennsylvanian limestones. South
of the Tijeras fault, west of the Manzano fault, and east of the Hublell
Springs fault is the Hubbell Bench province, a zone of Permian,
Pennsylvanian, and Precambrian rocks mostly capped by a thin veneer of
alluvium. The Permian rocks are exposed at Hubbell Springs on the Isleta
Indian Reservation, about one mile south of the base. The Pennsylvanian
and some Precambrian exposures are on both sides of Coyote Creek from
its mouth to the point where it crosses the Tijeras fault and the south
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end of the Four Hills (Sandia) uplift. These rocks exhibit a great
deal of folding and faulting incidental to vertical and horizontal
movement on the nearby Tijeras fault. West of the Hubbell Springs and
Sandia faults is the Albuquerque Basin, the only one of the four pro-
vinces with significant geothermal implications. These relationships
are shown on Plate 1 and Figure 3.

Tijeras Fault

The Tijeras fault and related tectonic system is one of the most
extensive in New Mexicc. It is readily identified in surface exposures
from its intersection and probable point of severing by the later
Hubbell Springs fault on the base, extending northeastward about 58 mi
(93 km) to the Canoncito area of the Sangre de Cristo Mountains about
14 mi (9 km) southeast of Santa Fe. It is probable that the fault
extended southwest across the area presently occupied by the Albuquerque
Basin prior to rifting (Ander, 1980; Cordell, 1976). If so, it was
bisected by the Hubbell Springs fault and dropped or collapsed with
its related segments into the rift, complicating the geometry of
structural details in the Albuquergue Basin beneath Kirtland AFB.

Lisenbee and others (1979) state that the fault has undergone
recurrent movement since Precambrian time, it cuts rocks ranging in age
from Precambrian to late Tertiary, and on the southwestern (Kirtland
AFB) end had lateral or horizontal movement of several mi (km) of left
slip. These authors identified an area in Tijeras Canyon in a roadcut
where Precambrian greenstone is in fault contact with colluvium of
probable Quaternary age. They suggest that this recent offset and
historic earthquake activity indicate that future movement along the
Tijeras fault in this area is likely.

Reiche (1949) mapped the Tijeras fault and indicated that it dipped
steeply, its downthrown side was to the east, and brought the Sandia
granite into contact with Precambrian quart.ites, Pennsylvanian lime-
stones, and upper Tertiary sands and gravels at its southernmost point.
Reiche did not measure its displacement but presumed it was measured
in thousands of feet.

Chapin and others (1978) have mapped several major crustal linea-
ments trending northeast across New Mexico and Colorado. These shear
zones dominate the structural grain of Precambrian rocks in the southern
Rocky Mountains, tend to be oriented along lines of Laramide volcanic
plutons as well as recent lava flows of predominantly basaltic composi-
tion, and generally coincide with well known mineral belts. Where thesec
lineaments cross the Rio Grande rift they produce a characteristic suite
of structural elements where, among other complex features, hiah heat
flow and geothermal activity are not uncommon. Althouch not included
in the lineaments described by these investigators, the Tijeras fault
system would appear to have similar qualities in terms of aage, trend,
displacement, mineralization (Tijeras Canyon, San Pedro, Ortiz, and by
extension, Pecos mining districts), volcanism (Cerro Verde, Lucero
Mesa, Cat Hills, Wind Mesa, and Isleta volcanic centers just west of
the Rio Grande), and apparent basement complexity.

Hubbell Springs Fault

The Hubbell Springs fault is a remarkable geologic feature. 1Its
length is apparently unbroken for about 36 mi (58 km) from the southrast
part of T 3 N, R 4 E, to its intersection on the base with the Tijeras
fault. If the presumed Sandia fault is an extension of it, its length
would be some 22 mi (35 km) longer. It has almost perfect straight
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line symmetry from south to north and it aligned with a series cf fresh

water springs in the northern 18 mi (29 km) of its length. These springs,

<10 Hueles, Carrizo, Maes, Ojo de la Cabra, and Hubbell Springs, are
located on an otherwise barren, arid mesa some 4 to 6 mi (6 to 10 km)
vast of the Manzano Mountain front, easily identified by large cotton-
wood trees (the only trees on the east mesa). Recent movement has
rrised a jrominent scarp along its northern length on the east side of

the fault. The scarp rises 100 to 150 ft (30 to 46 m), is sharply defined,

15 i1nclsed by east-west arroyos, and supports an apparent homogeneous

lock of flat lying sediments of Triassic through Pennsylvanian ace over-

Ivine I'recambrian rocks. These sediments are exposed in the vicinity of
"o Huelos, Hubbell Springs, and the Tijeras fault and appear to be

coevered by a thin veneer of alluvium and fan material elsewhere.

Titus (1963) has an excellent description of the fault, its identi-
.cation, and relationship to the groundwater regime which is 1mportant
to the geothermal model on Kirtland AFB:

&

"Ground water moves westward from the Manzano Mountains
toward the Rio Grande in the Cenzoic sediments which rest on
rocks of Permian and Triassic age in the upthrown block of the
Ojuelos (Hubbell Springs) fault. Ground water also is presumed
to move westward toward the fault through permeable beds of the
older underlying rocks. East of the Ojuelos (Hubbell Springs)
fault the water table in much of the area is less than 100 feet
below lund surface; at the fault the several springs indicate
that the water table is at the surface; west of the fault the
water table is 400 to 500 feet below the surface. As water
moves across the fault into the more permeable rocks of the
Santa Fe, it cascades abruptly to the lower level within a
short distance. The slope of the water table east of the
fault is between 100 and 200 feet a mile. West of the fault,
beyond the zone of cascading ground water, the water-table
slope in most places is less than 10 feet a mile. Although
the Ojuelos (Hubbell Springs) fault does not have a topographic
expression that 1s recognizable in the southern part of
Valencia County, the location of the ground-water cascade
over the fault can be determined within four or five miles
by the configuration of the water table."”

Whether the Hubbell Springs fault is a master fault identifying the
cast side of the Rio Grande rift or one of several step faults that
control basement topography is presently unknown. Unlike the surface
aqeology that can be mapped without great difficulty throughout the base
and adjoining areas, subsurface structural and stratigraphic relation-
ships appear to be complex and subject to various interpretations.

Cordell (1976), Cordell and others (1978), and Aiken and others
{1978) have prepared gravity maps of the region that strongly suggest
that the Hubbell Springs fault is a steeply dipping fracture. Cordell
(1979) interprets the gravity data to mean that the regional (Rio Grande
rift) fault system may comprise a relatively small number of large,
widely spaced, high angle (at shallow levels) master faults that may be
identified by long, linear, large amplitude gravity gradients. Birch
(1980) has attempted to determine the subsurface geoclogy of the
Albugquerque-Belen basin by analysis and interpretation of gravity
anomalies on the published maps of Cordell and others (1978). His
gravity profiles (cross sections) west to east across the rift indicate
that the Hubbell Springs fault is a single element, steeply dipping into
the basin. Fiqure 4 is Cordell's 1976 gravity map of central New
Mexico showing the geophysical complexities of the Albuquerque Basin.
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Parker (this report, Appendix A), conducted a gravity survey on the
base that featured a sharp break in the gravity slope crossinag the South
Fence road at the north boundary of the Isleta Indian Reservation, in
the cast half of section 5, T 8 N, R 4 E. An cast-west traversce on '
Maaazine road encountered the same subsurface feature about in the center
of the north half of section 33, T 9 N, R 4 LI, about 3,800 ft (1,158 m),
west of the west entrance to the solar power tower. It is believed that
these are traces of the Hubbell Springs fault.

“Sandia Fault®

Kelley (1977), Kelley and Northrop (1975), and Woodward and others
(1975) postulate a major rift fault separating the Sandia Mountain uplift
from the Albuquerque Basin that extends from the southwest extension of
the Four Hills uplift on the base northward to the Placitas area of
Sandoval County, a north-south distance of about 25 mi (40 km). This
fracture may be called the Sandia fault and, according to Kelley and
Northrop (1975) its surface trace can be seen in only three places. To
the south a fault is exposed at the mouth of Tijeras Canyon on the cast
s1de of the road leading into the Four Hills Subdivision in approximately
thie center of the west half of section 26, T 10 N, R 5 E. Another expo- '
sure 1s a minor scarp located by Kelley at the base of the Rincon spur
¢f the Sandia Mountains on the Sandia Indian Reservation. The third
outcrop 1s apparently where the fault crosses NM-44 near the northern end
of the Sandias in section 1, T 12 N, R 4 E. Other evidence for the
Samddia fault is found in the gravity maps of Cordell and others (1978)
and Aiken and others (1978). Cordell (1978b) described a buried fault
on the steep, linear gravity gradient taken from a detailed profile
alonag Tramway road between I-25 and the Juan Tabo picnic area (approxi-
mately the southwest corner of section 3, T 11 N, R 4 E) as being a

sinale large, steep fault with structural relief of at least 3,000 to
t,000 ft (1 to 2 km).

fvidence for this fault bounding the west side of the Four Hills
uplift part of the Sandia Mountains on Kirtland AFB is somewhat sub-
jective. Geologically, a major fault should be present here in order
to account for the enormous structural relief between the deepest parts
of the rift identified by well data and the top of the Sandias, apparently
more than 30,000 ft (9,144 m).

Reiche (1949) mapped a fault on the surface extending southwest
throuash the north central part of section 22 to the center of section 28,
T 9 N, R4 E. He describes a small alluvial fan built by Coyote arroyo
at this location as being offset vertically about 25 ft (8 m) and,
"Although the scarplet is battered, the evidence is definite; it includes
small fissure fillings of travertine due to a former artesian spring."
Field investigation failed to locate the scarp Reiche describes, but
travertine is present, and the location has been subjected to con-
siderable earth moving for roads and a bridge across Coyote arroyo sub-
sequent to his field work.

Bartel and others (1980) conducted a geophysical experiment utilizina
controlled source audio-magnetotelluric (CSAMT) electromagnetic (EM)
techniques between the Kirtland qgolf course and the west fence line of
Manzano Base, in and adjacent to section 10, T 9 N, R 4 E. This experi-
ment was specifically designed tn test the technique in an area where
the Sandia fault was presumed to be present beneath the alluvial cover.
The results indicate a sharp break in the depth to aranite profile
eneath the alluvium at approximately the common corners of sections 3,

4, 9, and 10. The slope from the Four Hills granite outcrop to the cast
te this point is about 25° northwest, almost the same as the slopce on
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the exposed uplift itself, suggesting that the Four Hills granite is
simply buried beneath the alluvial cover. CSAMT data indicate a sharp
break in slope occurs in the northwest corner of section 10 where the
depth to basement (granite) increases from about 2,625 ft (800 m) to mor
than 4,265 ft (1,300 m) in a horizontal distance of less than 325 ft
(100 m). The investigators conducting the experiment interpret this
break as the trace of a major fault (Figure 5).

Parker (this report, Appendix A) conducted several detailed gravity
traverses on the base. The survey lines, identified by the dotted lines
on Plate 1 and Figure 3, were selected to cross the presumed Hubbell

©C

Springs and Sandia faults at approximately right angles. Sharply defined

breaks in the gravity profiles in the southern part of the base coincide
with the trace of the Hubbell Springs fault. The northern profiles,
however, show smooth curves with gravity values decreasing steadily to
the west. These data reflect greater depths to basement and a sub-
stantial increase in thickness of valley fill sediments westward, but
show no abrupt slope changes that could represent and define the sub-
surface position of the Sandia fault. The profiles instead suggest

a low angle fault dipping into the basin or buried topography rather
than the single high angle fracture or series of steeply dipping step
faults expected in this area.

The guestion of interpretation of gravity data along the presumed
master faults bounding the Rio Grande rift where closely spaced contours
occur has been addressed by Cordell (1979). Detailed profiles he ob-
tained that cross these steep linear gravity gradients in other parts of
the Albuquerque Basin resemble the data acquired by Parker on Kirtland
AFB. The gentle, unbroken slope of the gravity cross sections require
the basin boundary fractures to be interpreted as essentially planar
surfaces dipping about 35° toward the basin. The smooth curve of the
profile, its apparent low angle, and lack of characteristic breaks
toagether with densely spaced observation points 0.1 to 0.2 mi/0.16 to
0.32 km on the base) preclude interpretation of high angle master or
step faults 1f there are no other considerations.

Cordell (1979) suggests the gravity data require only one large
fault and that the dip of the fault is gentle if the (gravity) density
contrast is constant. If, however, the valley fill sediments close to
the mountain uplifts (and the bounding faults) are coarser and more
poorly sorted than those farther away, then a subsurface gradational
density contrast is established and the bounding fault can be inter-
preted as a steeply dipping one. The interpretation favored by
Cordell is that the regional fault system in the Albuquerque Basin
comprises "a relatively small number of large, widely spaced, high
anale (at shallow levels) master faults that are identified by long,
linear, large-amplitude gravity gradients, (complimented by) numerous
secondary faults that are essentially large slump features sympathetic
to the master faults." The concept of the master basin bounding faults
together with their subsurface confiquration could be tested by means
of a detailed seismic reflection profile across one or more of the
steep, linear gravity gradients.

Cordell (1979) admits that "the concept of a master fault is
essentially speculative, consistency with the gravity data being a
necessary, but not a sufficient, condition.”" Many geologists, however,
would agree that the concept of large, extensive basin bounding faults
is a logical interpretation of structural conditions and the steep,
linear gravity gradients obtained by Cordell (1976), Cordell and others
(1978), and Aiken and others (1978) support this explanation (see
Figure 4). It is unlikely, however, that the question will be
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resoived without detailed seismic reflection profiles across the
assumed fiults or deep drilling near a fault on its basinward, down-
thrown side.

The "Travertine i{ills"

Feth and Barnes (1979) define travertine as "a carbonate-mineral
deposite dominated by calcium carbonate, formed through the agency of
spring water." These authors describe extinct travertine deposits
occurring as much as hundreds of meters above present levels of spring
activity or without any nearby springs present:

" (Deposits of travertine) have potentials for
interpretation of ancient hydrologic systems, rates of
downcutting, or rates of tectonic uplift that remain
virtually unexploited...(and) imply hydrostatic heads that
have long since vanished...Travertine seems to be a geo-
logically transient phenomenon, subject either to removal
by erosion or to burial and disappearance...Many traver-
tine deposits are known to be on or close to faults.
Theilr occurrence in otherwise structurally featureless
alluvial valleys may, therefore, suggest the possibility
of a hidden fault...The temperature of spring water listed
as actively depositing travertine ranges from 41°F to
205°F (5°C to 96°C), but the greatest concentration is in
the range from S50°F to 86°F (10°C to 30°C).

"pPossibly the most common mode of formation of
travertine is from leaching of calcium carbonate from rocks
by ground water and subsequent deposition of travertine in
stream channels...Calcium carbonate dissolved in a CO,-rich
water may reprecipitate when C0, is lost from solution
after the ground water enters a stream channel...The funda-
mental cause of the accumulation is a greater time rate of
supply of unstable (supersaturated) solution per unit area
of substrate where the water velocity is greater. The
maximum development in stream channels is a series of pools
separated by rims of travertine."

Bargar (1978) describes the origin and composition of travertine
deposits associated with Mammoth Hot Springs in Yellowstone National
Park, Wyoming:

"Chemical and isotopic analysis of hot-spring waters
supply important information about the history of the thermal
water. Cold, dilute meteoric water (rain or snow) has a
distinctive hydrogen and oxygen isotopic composition that
distinguishes it from water that comes from magmas deep in
the earth. Such information suggests that over 95 percent
of the hot-spring water emerging in Yellowstone National
Park probably originates as meteoric water.

"The thermal water beneath the Mammoth travertine
deposits contains a large amount of dissolved gas, mainly
carbon dioxide. Measurements...showed that the confining
pressure necessary to keep the gas dissolved in the water
is greater than & kg/cm? (2 1lb/in?). As the water flows
upward through a labyrinth of channels in the old fractured
terraces, the confining pressure gradually decreases, and
hot gas, consisting mainly of C0, separates and escapes
at the surface. The effect is similar to removina the
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cap from a carbonated soft drink. The escape of CO0:

causes the water to become supersaturated with calcium
carbonate (CaC03), which precipitates out of solution to
form travertine, mainly in the form of the mineral calcite."

Travertine deposits are abundant on Kirtland AFB. Reiche (1949)
noted that, "At Coyote Springs, formerly known as Soda Springs, near
the center of the north half of section 24, T 9 N, R 4 E, a terrace of
travertine has been formed by waters emitting carbon dioxide, which
rise under low pressure thorugh the crush zone adjacent to a fault.

Mass movement or cloudburst run off repeatedly introduced angular
quartzite fragments during terrace growth." With the exception of a
small spring in the Manzano Mountains 10 to 12 mi (16 to 19 km) south

of the base, Reiche found no other springs in the area depositing traver-
tine, although several, unlike Coyote Spring which is apparently in a
granite terrain, issue directly from limestone. The geologic map by
Myers and McKay (1970) shows the travertine deposit described by Reiche,
but no others.

In describing Tertiary valley fill deposits (Santa Fe Formation),
Reiche (1949) states:

"In the area of this paper Tertiary beds are of limited
distribution and are generally mantled by Quaternary debris.
However, in sections 27, 28, and 33, T 9 N, R 4 E, several
low hills and a flat district to the east are formed of ill-
sorted sandy coarse Tertiary gravels (fanglomerate). These
are essentially impermeable, owing to an interstitial clay
fraction which is about half calcite and half kaolinitic
clay. Along their western margin the gravels are dragged
to easterly dips as high as 48°, exposing a section 1,100
ft thick; its extensions to east and west are masked by
Quaternary gravels and coluvium which hide faults.

"The lower part of these Tertiary beds has pebbles,
cobbles, and, rarely, boulders derived from the Magdalena
(Madera) formation and lacks fragments of Precambrian deri-
vation; the upper part has abundant Precambrian debris.

The Magdalena (Madera) crops out in a fault block 2 mi

(3 km) wide, less than a mile (km) east of the gravels.
Apparently drainage was established across this block while
the gravels were accumulating."

Investigations conducted for this project confirm that none of the
springs on the east mesa that apparently mark the trace of the Hubbell
Springs fault are depositing travertine. However, travertine deposits
are far more widespread on Kirtland AFB than Reiche or any other
investigator determined. The Tertiary gravels described by Reiche
(above} are massive, extensive travertine deposits.

One of the more significant results of our study is the identifica-
tion and mapping of large deposits of travertine on the base. Travertine
is known to be abundant on the west wide of the Albuquerque Basin
bounding the east side of the Lucerc uplift, some 17 to 20 mi (27 to
32 km) west of Belen and Los Lunas (Kelley, 1977; Titus, 1963;
Kottlowski, 1962). On the east side of the basin travertine was known
to exist only as minor deposits located just west of Placitas on the
north end of the Sandia Mountains and the small outcrop at Coyote
Spring described by Reiche (1949) and mapped by Myers and McKay (1970).

i
NIy T

-4




e

..

30

The low hills in sections 27, 28, and 33, T 9 N, R 4 E, describhed
by Reiche (1949) as Tertiary gravels are actually travertine mounds
rising some 100 to 125 ft (30 to 38 m) above the mesa, covering about
240 acres (97 hectares). Travertine is also abundant in the channel
of Coyote arroyo from about 100 yds (91 m) west of the bridge over the
arroyo in section 22, T 9 N, R 4 E to a point near a small spring in
the arroyo bed almost 1 mi (1.6 km) east. The travertine is well
exposed at this location immediately under and adjacent to the bridge
and in ledges and benches on both sides rising about 30 ft (9 m) above
the channel. Excellent exposures of travertine in the mounds (hills)
are found in the road cut about 3,000 ft (914 m) west of the west
entrance to the solar power tower complex, and in the east-west arroyo
separating the two southernmost hills. The hills are aligned in a
north~south direction, offset less than one-half mi (0.8 km) east from
the prominent bench of the Hubbell Springs fault scarp on the Isleta
Indian Reservation some 2.5 mi (4 km) south.

Thickness of the travertine is unknown. Its base was encountered
in only one location, about 60 to 100 yds (55 to 91 m) northeast of the
mouth of a small arroyo behind an earthen bunker, northwest of a large
water tank in the southeast quarter of section 28. Here, a resistant
ledge of travertine unconformably overlies a weathered pinkish-brown
Precambrian quartzite. The travertine is only about 30 ft (9 m) thick
at this point, considerably less than the more than 100 ft (30 m)
exposed in the travertine hills south of the "water tank arroyo."

All of the travertine formations are conglomeratic. Those in the
drainage of Coyote arroyo contain clasts that are predominantly
Precambrian granites, schists, and quartzites, while those in the low
hills have a preponderance of Paleozoic limestones, sandstones, and
shales. Clasts range in size from sand-size material through boulders
as large as 12 in (30 c¢m) in diameter. It would be difficult to assian
any significant to the conglomerate components in terms of attempts to
date the accumulations of travertine; the beds containing a majority
of Precambrian clasts are adjacent to the Tijeras fault where older
rocks were probably exposed prior to the beginning of travertine depo-
sition, and the travertine hills are within 1 mi (1.6 km) of Paleozoic
outcrops on the Hubbell Bench. Boulder erratics of Precambrian
guartzite up to 6 ft (2 m) in diameter are found on the north slope of
the northernmost travertine hill, west of the water tank in section 28,
that imply an enormous load capacity of streams of periodic floods from
the mountains to the east.

The occurrence of travertine is not, by itself, evidence of a
nydrother: 11 regime. In connection with other data, however, it lends
support to a geological basis for predicting one. The travertine hills
or mounds are at the intersection of the Hubbell Springs, Tijeras, and
presumed Sandia faults (Plate 1 and Figure 3). Their occurrence is
indicative of an underlying major fault system thorough and along which
large volumes of water freely migrated. A model of the hydrology would
suggest that a previous system existed that coursed meteoric water
through the Santa Fe Formation in the rift to a depth where it was sub-
jected to substantially warmer temperatures and then rose to the sur-
face by convection currents along the master faults. It would be logical
to expect the focal point for this activity to occur at the intersection
of the tectonically active Tijeras and Hubbell Springs-Sandia faults.
Later events, perhaps including plugging of the fault permeabilities by
tr.citine deposition, a change in the regional hydrologic gradient, and
masking of the thermal water by low temperature meteoric water cascading
from the mountains across the basin fault as described by Titus (1963),
resulted in cessation of spring and possible thermal activity at this
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site. Moraan and others (1981) discuss a similar concept to account for
surface and near surface hydrothermal anomalies where ground water in
the basins of the Rio Grande rift discharges across subsurface con-
strictions at their downstream ends. Figure 6 is a schematic cross
section to 1llustrate these relatilionships on the base.

Temperature

Recent investigations of the geothermal characteristics of the Rio
Grande rift have produced a great deal of information relating to
temperatures in the rocks and fluids of the basins. Until a geothermal
prospect 1s developed, however, much of this research data remains
siweculative and inconclusive.

Reiter and others (1975, 1978) have analized heat flow data and
determined that a majlor geothermal anomaly with heat flow values
greater than 2.5 heat flow units (HFU) is coincident with the westerh
part of the Rio Grande rift. These investigators suggest that the
anomaly may overlie deep crustal fractures that penetrate the upper
rant le of the earth through which magmatic fluids approach the surface.
As evidence they site recent volcanic activity and thermal springs on the
ri‘tt's western side and gencral absence of the same features on its
castern side, 1mplying that extensional tectonic activity has been pri-
marily concentrated on the rift's west wide.

Chapin (1971) observed that rifting began at least 18 million years
acu and that concurrent volcanism and hot spring activity occurs mainly
along the rift's medial axis and west side. He attributes this to
stretehing of the crust and norma)l faulting on the west side relieving
subwrustal pressures and providing avenues for ascent of magmas and
rvdrothermal solutions, while lonagitudinal faults on the east side are
trolatively taght and unconduclve to magmatism.

A magmatic heat source beneath the rift is described by Sanford
(197#%) 1n terms of acophysical evidence for a shallow lens of fluid magma
lereath the Socorro area.  Rellinger and others (1980) extend Sanford's
currently active rmagma body to bhenecath Albuaguerque, citing evidence that
includes anoralously high ecarthqguake activity (including swarms) and
geonctic evidence for historaic crustal domina above the magma lens.
These researchers belileve the maama to be located about 12 mi (20 km)
Lencath the surface and to bhe anflating at a rate of about 2 x 10~
ke yr (7,000 ft7'yr), with continuous surface uplift averagina akout

mr e 0L an,yr) . Towle (19801, analizing the aeomaanetic variation
tield across the Rio Grande 11ft, states that the evidence for magmatic
intrusion tn the central rift between 347 to0 36° north latitude
(Kirtland AFB is at 35°N lat) is compelling. Jaksha and others (1980)
measured earthaguake swarms 1n 1978 and 1979 generated about 1.5 mi
(4.5 kmy west of the Albuqgquergue volcanoes on the west mesa. They
interpret the movement to be assaciated witlh a north-south, high angle,
west dinping normal fault that projects to the surface exposure of the
fissure olong which the volcanoes erupted. This evidence could also be
interpretos to be assocrated with inflation or deflation of a magma
body .

Anomalous temperatures and temperature gradients in the Albuauerque
area are Jdiscussed by Parker and Jiracek (1981), including higher than
normal temperatures in city water wells on the west mesa and the results
of a study that 1dentified an arca with temperature gradient values
exceeding 120°C/km (7.6°F/100 ft) on the mesa 5 mi (8 km) west of
Albuguerque.  According to these investigators, the average temperature
gqradient 1n the Rio Grande rift i{s 35°C/km (2.5°F/100 ft).
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The heat flow data collected by Reiter and others (1975) in the
immediate Albuquerque area are limited to three locations, all on
Kirtland AFB lands. These imply lower than normal HFU's and were used
by the investigators as a basis for limiting the Rio Grande rift':z major
agqeothermal anomaly to the west mesa where higher than normal heat flow
was measured. The procedure used to arrive at heat flow values was to
multiply measured geothermal gradients from drill holes by the thermal
conductivity of the rocks penetrated by the drill holes. One of the
drill holes is in section 4, T 9 N, R 4 E and the other two are in
section 6, T 8 N, R 5 E (personal communication, M. Reiter, September 12,

1950), in arcas on the base where the cascade effect of cold meteoric
water from the mountains would be expected to mask any valid thermal
anomaly. These data, then, are probably inconclusive or invalid for

defining yeothermal values.

Swanberg and Morgan (1980) suggest that on the basis of ceochemical
techniques applied to groundwater in the Albuquerque area the most
promising part for geothermal development is located on the west mesa
Letween the volcanoes and the Rio Grande. They state that there is no
cecchemical data to suggest geothermal resources east of I-25. Swanbera
describes the essence of geochemical methods in geothermal analysis is
that the solubility of various elements {(or ratios of elements) is
temperature depcendent and that the concentrations become established
within the geothermal reservoir and do not change as the water migrates
tn the surface sampling point. By plotting the concentrations (or
ritios) against Kknown reservoir temperature, empirical curves can be
established which relate concentrations (or ratios) to the reservoir
temperature. The technique is known as geothermometry and Swanberqg
suggests that although the most common use of geothermometers is to
apply them to hot spring waters to estimate reservoir base temperatures,
they can alsc be applied to non-thermal waters and the results used to
detect the presence of a geothermal component in groundwaters. These
procedures were used to identify the west mesa prospects. The authors
also applied a theoretical silica heat flow method to the study area to
supplement the traditional points used by Reiter and others (1975).

They found that data derived from analysis of water from the city's east
mesa wells yielded unrealistically high values that did not conform to the
results of their geothermometry experiments or Reiter's heat flow data

and were, therefore, suspect.

Riddle (Riddle and Grant, 1981) collected well and spring water
samples on and in the vicinity of Kirtland AFB. Detailed and compre-
hensive chemical analyses of these samples were conducted. These data
arc presented in their report and suggest no sianificant geothermal
parameters were identified in the samples examined.

Although a large body of geophysical evidence associated with
scismicity and presumed shallow magma bodies suggests higher than
normal temperatures should be encountered in the subsurface beneath
Albuquerque, geochemical data is supportive for the west mesa area and
contradictive for the east mesa. Of significance, however, is that if
appropriate geologic conditions of structure and stratigraphy are
i'resent in the Albuquerqgue-Kirtland AFB area (basically a thick suite of
i:orous and permeable valley fill sediments), there 1s no requirement
for exotic and anomalous geothermal regimes. Normal subsurface thermal
aqradients are more than adequate to supply sufficient Btu's for larqge
scale space heating and cooling requirements.

Kelly (1974) indicated that 302°F (150°C) temperatures should be
ericountered in the Albuquerque Basin at depths of about 17,000 ft
(5,182 m). He also estimated that wells completed to the 12,000 ft
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(3,658 m) level would yield about 500 gallons per minute (gpm) (32

liters per second). Production of water from the valley fill would not

involve pumping from great depths. Since the agquifer is essentially ‘
unconfined and the water table is at the surface at the level of the '
Rio Grande and only a few hundred feet below the surface at the higher '
parts of the east mesa, the hydrostatic head or column would bring the

deeper water to the water table level in a cased wellbore.

Deep wells drilled in the basin provide the only definitive data
regarding sub-surface conditions of sediment type, thickness, and
temperature. The several Shell 0il Company o0il and gas tests drilled in
the vicinity of Albuquerque (Figure 7) exhibit no abnormal sub-surface
temperatures and a geothermal gradient of about 2°F/100ft + 60°F ambient
temperature (about 35°C/km).

Depth to Basement

Depth to basement in the Albuquerque Basin can be defined as the
vertical distance between the surface and Precambrian rocks. It com-
prises, therefore, all the sedimentary section including not only the
relatively unconsolidated valley fill but also the consolidated, lithi-
fied Mesozoic and Paleozoic rocks between the base of the Tertiary and
top of the Precambrian. Depth to basement is zero where Precambrian
rocks are exposed, as in the Four Hills foothills and Manzanita Mountains
on Kirtland AFB. It could be in excess of 26,000 ft (7,925 m) at the
Shell 0il Co. No. 2 Isleta well in the Albugquerque Basin just 2 mi
(3 km) west of the Pueblo and 10 mi (16 km) west of the base.

Knowledge of the thickness of the Tertiary valley fill is crucial
to an exploration program for geothermal resources on Kirtland AFB.
The Tertiary Santa Fe Formation is the aguifer that, if thick enouah,
will contain water heated by normal thermal gradients to temperatures
usable for significant space heating and cooling applications.

In connection with hydrologic investigations by the USGS in the
Albuquerque Basin, Birch (1980) attempted to determine the subsurfacc
geology of the Albuguergue Basin by analysis and interpretation of
gravity anomalies. He produced a number of profiles and sediment
thickness maps that contribute a great deal to understanding the sub-
surface relationships in the basin, using all available deep well
control in and near the basin for geologic control. It appears, however,
that in separating sedimentary units in the basin on the basis of gravity
densities, Birch may have interjected a major error in attempting to
separate "Neogene" from "Paleogene" sediments. "Neogene," accordina to
Birch, are "post-rift" rocks and he places the base of this layer at the
top of verious Eocene formations: Galisteo, San Jose, and Baca. The
latter, defined as "Paleogene," have been included with the basin's
Cretaceous and Jurassic sediments. Birch acknowledges that, "In practice
it is not always easy to determine the base of this layer due to omissions
in the well reports or differences in terminology."

Illustrative of the difficulties Birch's arbitrary selection of
valley fill sediments presents in modeling and interpretation is that
in the Shell 0il Co. No. 1 Isleta in section 7, T 7 N, R 1 E, there
are more than 12,000 ft (3,658 m) of "valley fill" overlying the \
Cretaceous. Birch assigns the upper 5,300 ft (1,615 m) or so to the
Santa Fe Formation and includes the other approximately 6,700 ft (2,042 m) -
to the gravity layer that includes Cretaceous and Jurassic strata. This
artificial delineation of stratigraphic units may fit the mechanical
reqguirements of the geophysical model, but it makes little or no sensec
geologically.
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Shell No. 1
Santa Fe 11,045 ft (3,367 m) TD
236°F °
(1139C) BHT

Shell No. 3 o
Santa Fe 10,276 ft (3,132 m) TD

est Mesa r )
No. 1 ik !
City Water # Y
. Well 90°F ".-_ _ Sandia
Shell No. ) | (320¢) “ National
Laguna 11,115 ft (3,389 m) TD '

Laboratories
247°F (1190C) BHT —- —- -5

Kirtland Air

F
e W TR L
e Trans Ocean No. 1
Shell No. 2 P Isleta 10,378 ft (3,163 m)TD

o 0
Isleta 21266 ft (6,482 235°F (1139C) BHT

434 F (2239C)BHT

Shell No. 1|
Isleta 16,356 ft® (4,985
375°F (1910C) BHT

SCALE:

W T T Y
012 3 45m

Figure 7. Deep wells in the vicinity of Albuquerque. (TD: Total Depth;
BHT: Bottom Hole Temperature.)
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Although they may be a result of different periods of in-fill, .11
ol the Tertiary rocks above pre-basin deposits and terrains as old as
Precambrian are tectonically related, lithologically similar, arc
probably hydrologically interconnected, and can be collectively deoesianat ..
valley f1l1l (or basin-fill). Pre-Santa Fe Tertiary sediments are «¢d:iffi-
cult to recognize in the subsurface and where they are differentiated i~
surface exposures they are less than 3,000 ft (914 m) thick (Kellev,
1977y .

Of primary importance in Birch's study is his depth to the Precambrin
fbasement map of the Albugquerque Basin (Figure 8). Because this maj.
incorporates all the gravity densities and :edimentary layers above thec
Precambrian, the significance of the valley fill thickness miscalcula-
tion is lost because it is incorporated in all the sedimentary suites.

The map suggests that the area of Kirtland AFB west of the Hubbell
Springs-Sandia fault line has Precambrian rocks buried at a subsca datur
of -9,840 to -11,484 ft (-3,000 to -3,500 m). Added to an averauc surface
c¢levation above sea level on the base of 5,400 ft (1,646 m), the depth to
basement on Birch's map is 15,240 to 16,884 ft (4,646 to 5,146 m) in this
area. Well data and other information (Kelley, 1977) indicates that the
Cretaceous to Precambrian interval is about 5,000 ft (1,524 m) thick,
leaving a valley fill suite of about 16,000 to 12,000 ft (3,048 to

3,658 m).

Additional geophysical data relating to depth to basement on the
base was obtained through an experiment conducted November 26, 1980.
As part of a routine testing program the Civil Engineering Research
Facility of UNM (CERF} detonated a large quantity of explosives in
section 36, T 9 N, R 3 E. The blast was measured and recorded by ecquip-
ment furnished and monitored by the USGS Albuquerque Seismological
Laboratory under the guidance of geophysicist Lawrence H. Jaksha. The
location of the recording stations is shown on Figure 3 and the refrac-
tion results are described in Table 2. Although the experiment was
limited in scope, somewhat crude, and, according to Jaksha (personal
communication February 6, 198l), "The estimates of the thickness of the
sedimentary section have a lot of assumptions behind them, and should ke
used as first approximations only," they do contribute to our knowledae
of the basin's development and configuration.

Like the temperature data, geophysical information on subsurface
conditions of structure, sediment thickness, and depth to basement in
the Albuquerque Basin is somewhat subjective and inconclusive. Birch's
Lasement map interpreted from gravity data (Figure 8) 1s accurate where
deep well data exists but may incorporate substantial errors elsewherce.
The Shell No. 2 Isleta in section 16, T 8 N, R 2 E, for instance, may
have 60 percent more depth to basement than the map indicates. Tt
should be realized that geoclogical and geophysical data and its intcr-
pretation in this region, though far more advanced, extensive, and
balanced than just 10 or so years ago, still lacks maturity. Addi-
tional well data coupled with more sophisticated, focused, and expensive
seismic techniques will lead to other conclusions and new interpreta-
tions to unravel the complexities of the Albuguergue Basin's structural,
sedimentary, and hydrologic history.
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Elevation of Precambrian basement relative to sea-level datum

in the Albuquerque Basin. Contour interval 0.5 km (1,640 ft).

Dots show locations of Precambrian wells.

Source: Birch, 1980.
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Table 2. Refraction Geophysical Experiment, CERF Explosion, Kirtlandv
AFB, November 26, 1980
Indicated Thickness
of valley Fill
(Gross Thickness
Depth to Basement -5,000 ft/-1,524 m)
Station Location km £t ft m
1 Sec. 3, T 9N, R4 E No records
2 Sec. 32, T 10 N, R 4 E No records
3 Sec. 31, T 10 N, R 4 E 3.49 km 11,451 ft 6,451 ft 1,966 m
4 Ssec. 35, T 10 N, R 3 E No records
5 Sec. 34, T 10 N, R 3 E 4.03 km 13,222 ft 8,222 ft 2,506 m
6 Sec. 5, T 9N, R 3 E 5.22 km 17,127 ft 12,127 ft 3,696 m
7 Sec. 25, T 9 N, R2E 3.57 km 11,713 ft 6,713 ft 2,046 m
8 Sec. 13, T 8 N, R 2 E 3.15 km 10,335 ft 5,335 ft 1,626 m
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CONCLUSIONS

Geoloaical, qeophysical, and hydrological data in the Albuquerque
Basin, thouah insufficient in some areas and contradictory and incon- '
ciusive in others, arec adequate to predict the existence of an extensive '
intermediate (200°F/93°C) to high~temperature (in excess of 300°F/149°C)
geothermal system beneath portions of Kirtland AFB lands. The base is
the focal point for a number of major tectonic events that provide evi-
dence for a possible anomalous hydrothermal convective regime near the
surface, as well as a deeper system in an unconfined aquifer of relatively
unconsolidated basin-fill sediments that exceed 20,000 ft (6,096 m) in
thickness in a well 11 mi (18 km) southwest.

Virtually all of the principal tectonic events that formed the east
side of the Rio Grande rift, the Albuquerque Basin and the adjoining
Sandia, Manzanita, and Manzano mountain ranges occurred on and have pro-
foundly affected Kirtland AFB lands. The Tijeras fault that has beeh
tectonically active and experiencing movement from the Precambrian to
the present bisects the base in a northeast-southwest direction. Where
1t intersects the Hubbell Springs fault, believed to be the major north-
scuth rift bounding fault on the east side of the basin, in the vicinity
of sections 28 and 33, T 9 N, R 4 E, there is an extensive travertine '
deposit.

Although travertine is not by itself conclusive evidence of a hydro-
thermal reaime, and inactive thermal spring areas are not necessarily
indicative of near surface useful heat, its occurrence superimposed on
major fault systems warrants further investigation. It is apparent that
large volumes of water freely migrated along these faults that issued
as travertine depositing springs. A model of the hydrology would
suggest that this preexisting system coursed meteoric water through the
valley fill sediments of the Rio Grade rift's Santa Fe Formation where
1t was subjected to substantially warmer temperatures at depth and then
rose to the surface by convection currents along the master faults. It
is logical for the focal point of this activity to be at the inter-
section of the tectonically active Tijeras and Hubbell Springs faults.

Later events, perhaps including plugging of the fault permeabilities
by chemical deposition, a change in the regional hydrologic gradient, and
masking of the thermal water by low temperature meteoric water cascading
from the nearby mountains across a shallow, relatively impermeable
structural bench before plunging into the basin across the boundary fault,
resulted in cessation of spring and possible thermal activity at this
site. Although strong thermal spring activity is geologically short
lived and probably represents a minor phase of a more extensive period
of host rock heating and cooling, it should be recognized that a great
deal of useful heat would continue to be stored in a host rock and
associated aquifers long after surface manifestations have disappeared.
The basinward side of the travertine deposits, then, is a primary pros-
pect for evaluating the possibility of the occurrence of relatively near
surface hot water.

A large body of geophysical evidence associated with seismicity and
presumed shallow magma bodies suggests higher than normal temperaturcs
should be encountered in the subsurface beneath Albuquerque. Geochemical
data from water analysis, temperature gradient experiments, and terres-
trial heat flow measurements appear to support this premise for areas
west of the Rio Grande and are contradictive and inconclusive for the
cast mesa areas.
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0f sionificance is that if a thick suite of porous and permeable
valley 11l sediments underlies the Albuquerque-Kirtland AFB region
there is no requirement for exotic and anomalous geothermal regimes
supported by mechanical and theoretical data. Normal subsurface thermal
aradients are more than adequate to supply sufficient Btu's for large
scale space heating and cooling requirements. Depth to basement approxi-
mations from gravity and refraction geophysical research and experiments
indicate the Albuguerque Basin and the western part of the base to he
underlain by between 6,500 to 12,000 £t (1,981 to 3,658 m) of water
saturated valley fill deposits.

Dee: wells drilled in the basin provide the only definitive data
regarding sub-surface conditions of sediment type, thickness, and
temperaturce. Several Shell 0Oil Company o0il and gas tests drilled in
the vicinity of Albuquerque-Kirtland AFB exhibit no abnormal sub-surface
temperatures and show the valley fill sediments to be more than 21,000 ft
(6,400 m) thick. Normal temperature gradients of about 2°F/100 ft plus
60°F ambient background (about 35°C/km) would provide water temperatures
in these sediments ranging from 260°F to 460°F (127°C to 238°C) at depths
of 10,000 to 20,000 ft (3,281 to 6,562 m).

RECOMMENDATIONS

Shallow Temperature Gradient Wells

Shallow temperature gradient holes, normally considered to be an
cffective and relatively inexpensive phase of geothermal reservoir defini-
tion, are not recommended for Kirtland AFB. Wells drilled east of the
Hubbell Springs fault will encounter groundwater in perched aquifers at
shallow depths overlying consolidated, relatively impermeable bedrock.
This water is immediately derived from rain and snowfall on the nearby
mountains. Wells drilled west of the Hubbell Springs fault will encounter
aroundwater that is the overflow from the perched aquifers to the east
as it cascades over the fault into the thick Albuquerque Basin valley
£i11. Depending upon topography and surface elevations, the water table
on Kirtland AFB west of the Hubbell Springs fault is encountered at about
450 to 550 ft (137 to 168 m) below the surface, about 4,900 ft (1,494 m)
above sea level (U.S. Army Corps of Engineers, 1979). It is unlikely that
wells drilled to less than 2,000 to 3,000 ft (610 to 914 m) will obtain
useful data above the zone of interference.

Existing geophysical data is inconclusive regarding sediment thick-
ness and depth to basement in the Kirtland AFB area. It is recommended
that a commercial geophysical survey be conducted on the base using
reflection or refraction techniques. Reflection techniques measure the
energy or wave from an explosion or other seismic source which has been
reflected (returned) from an acoustic-impedance contrast (reflector) or
series of contrasts within the earth. The objective of most reflection-
scismic work is to determine the location and attitude of reflectors
from measurements of the arrival time of primary reflections and to
infer from the reflectors the geologic structure and stratigraphy. A
refraction survey maps deologic structure using head waves. Head waves
involve energy which enters a high-velocity medium (refractor) near the
critical angle and which travels in the high~velocity medium nearly
parallel to the refractor surface. Head wave arrivals are identificed
in terms of time after the shot and of distance from the shot. The
oljective is to determine the arrival times of the head waves in orvder
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to map the depth to the refractors in which they traveled (Sheriff,
1973). The reflection seismic survey would be preferable since it

would probably readily define and separate the dense Precambrian granitic
mass from the overlying Mesozoic and Paleozoic beds, as well as segre-
gate the less dense valley fill from the other rocks. A Vibroseis
technigque that induces vibrations into the ground as the energy source

to yenerate a wave train of controlled frequencies would probably be
necessary and appropriate since it does not involve the use of explo-
sives that may be unacceptable in the technical areas.

A minimum of 4 lines involving a total of about 24 mi (39 km) would
be required to obtain definitive data:
1Y 8 mi (13 km) from the northeast corner of section 2, T 9 N,
R 4 E, west to the west side of the Albuquerque International
Airport in about the northwest corner of section 3, T 9 N,
R 3 E.

2) 5 mi (8 km) from the southeast corner of section 10, T 9 N,
R 4 E, at about the west fence line of Manzano Base west to
the southwest corner of section 12, T 9 N, R 3 E.

3) 5 mi (8 km) west along Magazine/Isleta Rd. from its inter-
section with Lovelace Rd. in the northwest corner of
section 35, T 9 N, R 4 E, to the northwest corner of
section 36, T 9 N, R 3 E on the McCormick Ranch site.

4) At least 6 mi (10 km) of connecting north-south line from
the northeast corner of section 32, T 9 N, R 4 E, to the

Fubank Gate in the northeast corner of section 32, T 10 N,
R 4 I.

The described seismic program could be contracted for about $150,000
tu $200,0006, including interpretation of data.

wWells

Two exploration and development programs are recommended that
involve drilling wells on the base. The first would be to evaluate the
rossibility of encountering a residual near-surface hydrothermal system
that may have been responsible for the deposition of the large traver-
tine deposits in sections 28 and 33, T 9 N, R 4 E. This would necessi-
tate drilling a 3,000 to 5,000 ft (914 to 1,524 m) well on the down-
thrown side of the Hubbell Springs fault west of its intersection with
the Tijeras fault. The location of this well should be selected on the
basis of reliable seismic data in order to avoid drilling through the
fault 1nto the upthrown, impermeable rocks. A high angle fault dippina
woest at about 70° would be intersected at about 5,400 ft (1,646 m) in a
well located 2,000 ft (610 m) away from its surface expression. A 45°
fault would be intersected by a well drilled one mile (1.6 km)

away at
5,280 ft (1,609 m).

The second drilling program should come only after the results of

the scismic effort is analyzed. If seismic data shows the valley fill
beds to exceed 8,000 ft (2,438 m) in thickness in the technical, opera-
tions, and administration areas of the base, one or more wells should
be drilled to determine the producibilities of Btu's contained in the

thermal groundwater at these depths. Obviously, the thicker the valley
fill aquifer is, the higher the temperatures will be at depth, and the
more valuable the resource. It is important to recognize that one well
supplying 800 gpm (50 1/s) of 410°F (210°C) water would meet 85 percent
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ot Kirtland's average encrgy demand (K. R. Hoover,

this report,

). With normal temperature gradients, tliis well wouldd be 18, 0¢
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Costs to drill and complete hot water wells should be less
i0 Tt (S131/m) for wells less than 5,000 ft (914 m) deep; lecs
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(3,281 to 3,510 m)

Lased on 1980 costs to drill and complete ©il and agas wells (0Oitl

Gas Journal, June 1, 1981).

These arc average costs to produce "to the tanks," that wou

include rio costs, casing, tubing, pump, and other equipment.

;.; an average $143/ft ($469/m) for wells between 12,500 to 14,999 ft
3,810 to 4,572 m) deep; an average $198/ft ($650/m) for wells between
, 000 to 17, 499 ft (4,572 to 5,334 m) deep; and an averadge of $238/ft

')
$7%1,/'m) for wells drilled 17,500 to 19,999 ft (5,334 to 6,096 rm) decp,

and

1d

Basoed on

these estimates, a 10,000 ft (3,281 m) well would cost $1 million, a

15,000 ft (4,572 m) well would cost about $2.25 million, and a 20,000 ft
(¢,096 m) well would cost about $4.75 million to tie to a distri
svystem. Non-productive wells would cost considerably less, as t

would be no completion costs involved.

I1f deep hot water wells are successfully completed, the ope
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should be aware of the probable requirement for water reinjection wells,

Groundwater from depths below 4,000 ft (1,219 m)

reinject a "reasonable" distance below the base
interface of the aquifer.
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(if necessary), and all other equipment before it would exceed a similar

cost basis for coal.
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APPENDIX A

GRAVITY STUDY ON KIRTLAND AIR FORCE BASE

INTRODUCTION

Gravity measurements have been made alona six profiles on Kirtland
Alr Force Base; three are in an east-west direction and three trend
approximately southeast-northwest (see Plate 1 and Figure 3). Station
spacing 1s generally 0.2 mi but was reduced to 0.1 or 0.05 mi in the
vicinity of subsurface fault scarps so that they could be more accurately
located.

Measurements were made using the University of New Mexico Geoloagy
Department's Worden Model 125 gravimeter. Horizontal and vertical cén-
trol was facilitated with the aid of General Site Maps provided by
Kirtland AFB's Civil Engineering Department. These detailed topographic
maps are drawn to a scale of 1" = 200' and with a contour interval of
2 feet.

The field data were reduced to yield values of free-air anomaly
(FAA) and complete Bouguer anomaly (CBA). Station 1, located along
Magazine Road at the east driveway of the Solar Tower, was chosen as the
base station and assigned an FAA and CBA of zero. Gravity values at all
other staticns are relative to Station 1. 1In applying the Bouguer
correction, the intervening layer was assumed to be alluvium with a
density of 2.0 gm/cm’.

It is estimated that errors in the gravity values due to inaccuracies
in elevation control, instrument operation, and terrain corrections are
no greater than 0.2 to 0.3 mGal and are generally much less. The
greatest errors could be expected to occur in rugged terrain (e.g.,
within or near Tijeras Arroyo).

GRAVITY PROFILES

The gravity profiles are shown in Figures A-1 to A-6, progressing
from north to south. Marked differences in the character of these
profiles, the most salient being differences in slope and the appearance
on some of the profiles of sharp breaks in curvature, can be interpreted
in term of subsurface structure. Changes in relative gravity along lines
crossing these profiles reflect differing thicknesses of sediments along
those lines and therefore provide a means of determining basement con-
figuration.

"0" Street Profile

This northernmost profile is the longest of the six; it stretches
4.2 miles from a point 0.5 miles east of Tijeras Arroyo along the
boundary between the military reservation and the Four Hills residential
area, continuing westward along this boundary and then along "0" Street
to the east-west airport runway, and projecting nearly 1.2 miles onto a
vacant field which borders the runway to the north.

Along this profile, gravity values decrease steadily to the west

reflecting a deepening of dense basement rocks (i.e., an increase in
thickness of basin fill sediments) in this direction. 1In relation to the
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above-mentioned geoloay protfile, and to several subsequent interpretations,
it 1s important to note the absence of any slope changes at the lonaitude
of Fubank Boulevard. It has been proposed that the Hubbell Springs fault,
the major rift-bounding fault west of the Manzano Mountains, continues
northward into Albuquercue at rouahly the longitude of Eubank Boulevard.
The gravity profile shows no evidence of this but rather suggests a con-
tinuous deepening of sediments westward from the Sandia fault which lies

¢

about 2 miles to the east. (The local depression in the FAA curve is
due to the sharp elevation drop at Tijeras Arrovo and is removed by the
Bouguer correction. In genecral, the FAA reflects surface topography and

the Bouuuer correction removes this effect).

Also notable on this protile is a gentle flattenino of the curve to
the west. This lends support to the proposed listric nature of the Sandia
ri:t-boundinu fault. However, a series of minor step faults could also
produce this effect.

Pennsylvania Avenue and Coyote Arroyo Road Profiles

These two profiles extend westward from near the base of the Four
i111ls Precambrian basement exposure. They dip much more steeply to the
west than the "0" Street profile and have higher gravity values at their
ecastern starting points. Both features can be related to the Four Hills
basement uplift. The greater values reflect the shallowness of dense
‘ranite at the cast end of these profiles and the steepness of gravity
acradients reflects the steepness of the fault which bounds the Four Hills
on the west. The Coyote Arroyo Road profile displays a greater westward
J4ip than the Pennsylvania Avenue profile and is probably more nearly
i erpendicular to the fault trace. The orientation of the Four Hills
with the Tijeras Fault suggests strongly that their formation is related
te fault movement. The nature of this relationship is beyond the scope
of this report.

The Pennsylvania Avenue and Coyote Road profiles also display
decrcases in curvature at points along their length; at about 1 mile
fror the eastern end¢ of the Pennsylvania Avenue profile and at about
2 miles from the eastern end of the Coyote Road profile. The change in
slope on these profiles is more dramatic than on the "0" Street profile
and may represent the position of intersection between the steeply
dippine fault which bounds the Four Hills and a flatter crustal block at
depth. The direction of the line which connects these two slope breaks
is alse that of thd Tijeras fault and Four Hills alignment.

Magazine Road Profile

The Magazine Road profile begins at the east driveway of the 5 Mw

Solar Tower and continues westward for 2 miles. It is the first profile
that Jdepicts a sharp break indicative of a shallow subsurface fault
scart.. This break in slope coircides with a aroup of hills composed to

a4 larae extent of travertine deposits. Westward from this point gravity
sradlents Lecome very stecep, necarly equal in slope to that found on the
two profiles to the north. This fact, coupled with the coincidence of the
slope break with the projection of the western scarp of the Four Hills
Precambrian block, sugyests strongly that the basement higl. continues

in the direction of the Four Hills, approximately south-southeast, at
least to the latitude of Magazine Road. Also, the fault which forms the
western boundary of this basement block appears to persist in dip and
direction to Magazine Road. Discussion of the gravity profiles to the
south of Magazine Road will show that this orientation of fault and
basement high continues to the southern edge of the military reservation.

————




An interesting feature on the Magazine Road profile is the sliaht
gravity drop at the eastern end of the profile (at the Solar Tower).
It is positioned on line with, and may be related to, the Tijeras fault
trace. Time constraints and a lack of probable geothermal significance
prevented a closer examination of this feature.

South Fence Road and University Road Profiles

The South Fence Road profile is 2.3 miles long, extending 0.5 miles
cast and 1.8 miles west of the intersection of South Fence Road with
Isleta Road. The westernmost station is at the southwest corner of the
military reservation. Salient on this profile is the increase in slope
slightly west of the Isleta Road intersection. As on the Magazine Road
profile, the gravity change coincides with a topographic ridge. This
feature is also colinear with the western edge of the Four Hills
Precambrian block and is almost certainly an extension of the associated
fault. The relative gravity and sharpness of slope break are not as
areat as at Magazine Road. Both results are explained by a thicker cover
of low density material to the south. The slope of the gravity curve
briefly becomes equal to that of the three previously discussed profiles
but appears to flatten almost immediately. This could mean that the deep
basin formed by downdropping of basement rocks west of Four Hills becomes
shallower to the south in perhaps a ramp geometry. Alternatively, the
decrease in slope could be the result of an enigmatic bench which extends
westward into the Rio Grande rift south of the military reservation.

A short (0.6 mi) profile was taken along University Road, which
trends northwesterly from the intersection of South Fence Road with
Isleta Road, to better determine the direction of the fault between
where it crosses Magazine Road and where it crosses the South Fence Road.
As expected, the gravity indication of the fault along University Road
is on line with its trace to the north and south. The steep slope west
of the slope break is the same as that of the steepest portion of the
South Fence Road profile suggesting that both profiles cross the fault
at nearly equal angles. The lack of any change in curvature of the
University Road profile lends further support to the possibility that
the deep basin west of Four Hills begins to shallow at the south end of
the military base where a basement bench begins to influence structure.
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APPENDIX B
PRELIMINARY EVALUATION OF GEOTHERMAL
POTENTIAL AT SANDIA
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subject

Sandia Laboratories

AlbuguerG e New Menco
Livermine Caidornie

May 16, 1980

R. K. Traeger - 4740

L, o DedB L o

E. R. Hoover - 4744

Preliminary Evaluation of Geothermal Potential at Sandia

The first step in this evaluation was to determine the heating
requirements of the Area I facilities. The heating plant and
distribution system are generalized in Figure 1.

118 psi steam

340°F !
Boiler Heating
Loads
115°F .
water 170°F wWater
60°F VWater 50% Losses
Makeup (includes blowdown)

Figure 1. Overall SNLA Heating System

Currently the boiler is fired by natural gas 85 to 95 percent
of the time. Whenever natural gas is not available, #2 fuel
oil is used. The average, minimum, and maximum loads are
given below:

Average Steam Load = 85,000 lb/hr 94 x 106 Btu/hr
Maximum Steam Load = 200,000 1b/hr 221 x 10% Btu/hr
Minimum Steam Load = 60,000 1b/hr 66 x 10° Btu/hr

Earl Gruer in Division 3652 indicated that much of the heat-
ing and airconditioning equipment around the labs could
operate satisfactorily with steam temperatures lower than
340°F, but the existing distribution system would probably
have to be modified extensively. To avoid modifying the dis-
tribution system, which would be very expensive, the geothermal
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heating system should be capable of producing 340°F saturated
steam.

The formation temperature in the Albuguerque area may be deter-
mined using the following expression:

T = 60 + .0175*D (°F)

where T(°F) is formation temperature and D(ft) is the well
depth. Assuming we drill a 20,000 ft well, the bottomhole
temperature should be approximately 410°F. Now, if we assume
the overall temperature drop in the well, and in the trans-
mission line, will not exceed 50°F, we should be able to
deliver 360°F water to the hot side of a counterflow heat
exchanger. Furthermore, we should be able to achieve at least
a 200°F drop across the heat exchanger since the inlet fluid
temperature on the cold side will be only 115°F (refer to
Figure 1). If we also assume a nominal flowrate of 800 gpm,
the thermal output of the well is about 80 x 106 Btu/hr. This
is very close to the average heating load of 94 x 106 Btu/hr.

Now, if we know the 1980 cost of delivered thermal energy
($/106 Btu), we can determine the breakeven installed cost

of the geothermal well, piping, pumps, heat exchange equipment,
etc., The key economic assumptions are given in Table I.

Table I.
Economic Assumptions

Useful Well Life 5, 10, 15 yr
Ownership Government
Cost of Capital 10%
Inflation Rate 10%
Conv. Energy Escalation Rate 10%
Effective Income Tax Rate 0
Investment Tax Credit 0
Annual O&M as fraction of Installed 1%

Cost
Annual Insurance as fraction of .25%

Installed Cost
Base Year 1980
Price Year 1980
Expenditure Year 1980
Startup year 1981
Well Utilization Factor 85%

Annual Thermal Energy Delivered 595,680 108 Btu

The breakeven installed cost of the geothermal well and all
of its associated equipment is plotted in Figure 2 as a
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function of the conventional cost of the delivered thermal
energy in the price years.

It is L:portant that the conventional delivered energy cost
for coal must include the amortized cost of capital equip-
ment, the O&M cost, and the boiler efficiency, as well as
the ccst of fuel. For coal the fuel cost alone for a small
heating plant may be around $2/10% Btu. If we assume a geo-
thermal well life of 10 years and $2/106 Btu delivered energy
cost, we can afford to spend over $10,000,000 on the produc-
ing well, injection well if necessary, and all other equip-
ment required. Assuming a drilling cost of $200/ft the
producing well would cost only $4,000,000. Under these
conditions, geothermal looks very promising.

However, a more complete analysis is required before one can
make any conclusive statements. If geothermal must meet

100% of the heating load at Sandia, several wells will have
to be installed in order to always meet the peak load. Thus,
there will be a significant amount of excess capacity that
must be amortized. The coal fired boiler, on the other hand,
will not be penalized as severely, since the fuel cost is a
significant portion of its delivered energy cost,

Ideally, the geothermal capacity should be sized for the
average load in order to maximize its utilization factor.
Natural gas or fuel oil could be used in the present boiler
to satisfy the peaking requirements. This may or may not be
a viable option, depending on the political climate.

In summary, geothermal could be economically attractive under
the right conditions and should be evaluated further when
better data are available on the resource and its cost. In
addition, a more detailed evaluation of the alternatives is
justified.
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